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Effect of glycation on α-crystallin structure and chaperone-like function
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The chaperone-like activity of α-crystallin is considered to play
an important role in the maintenance of the transparency of
the eye lens. However, in the case of aging and in diabetes, the
chaperone function of α-crystallin is compromized, resulting
in cataract formation. Several post-translational modifications,
including non-enzymatic glycation, have been shown to affect the
chaperone function of α-crystallin in aging and in diabetes. A vari-
ety of agents have been identified as the predominant sources for
the formation of AGEs (advanced glycation end-products) in vari-
ous tissues, including the lens. Nevertheless, glycation of α-crys-
tallin with various sugars has resulted in divergent results. In
the present in vitro study, we have investigated the effect of
glucose, fructose, G6P (glucose 6-phosphate) and MGO (methyl-
glyoxal), which represent the major classes of glycating agents, on
the structure and chaperone function of α-crystallin. Modification
of α-crystallin with all four agents resulted in the formation of
glycated protein, increased AGE fluorescence, protein cross-
linking and HMM (high-molecular-mass) aggregation. Interest-
ingly, these glycation-related profiles were found to vary with
different glycating agents. For instance, CML [Nε-(carboxy-
methyl)lysine] was the predominant AGE formed upon glycation

of α-crystallin with these agents. Although fructose and MGO
caused significant conformational changes, there were no
significant structural perturbations with glucose and G6P. With
the exception of MGO modification, glycation with other sugars
resulted in decreased chaperone activity in aggregation assays.
However, modification with all four sugars led to the loss of
chaperone activity as assessed using an enzyme inactivation
assay. Glycation-induced loss of α-crystallin chaperone activity
was associated with decreased hydrophobicity. Furthermore,
α-crystallin isolated from glycated TSP (total lens soluble
protein) had also increased AGE fluorescence, CML formation
and diminished chaperone activity. These results indicate the
susceptibility of α-crystallin to non-enzymatic glycation by
various sugars and their derivatives, whose levels are elevated
in diabetes. We also describes the effects of glycation on the
structure and chaperone-like activity of α-crystallin.
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INTRODUCTION

The eye lens is a specialized structure, which provides flawless
transmission of light to reach the retina for proper vision. Crys-
tallins are the major structural proteins in the lens that account for
up to 90% of the total soluble protein. There are three distinct
families: α-, β- and γ -crystallins, whose structure, stability
and short-range interactions are thought to contribute to lens
transparency [1]. In mammalian lenses, α-crystallin can constitute
up to as much as 50% of the TSP (total lens soluble protein)
mass. α-Crystallin is isolated from vertebrate eye lens as a
polydisperse, hetero-oligomeric complex of approx. 800 kDa,
consisting of 35–40 subunits, each of which are 20 kDa, and is
composed of two gene products, αA and αB, present in a ratio of
3:1 [1]. α-Crystallin had been regarded as a structural protein
until its sequence similarity was established with small heat-
shock proteins from Drosophila melanogaster [2–4]. Thereafter
α-crystallin has been shown to function like a chaperone, binding
to non-native or unfolded proteins and protecting them against
aggregation induced by heat, reduction and chemical modification
[2–5]. It has been shown that the chaperone-like activity of α-
crystallin might play an important role in preventing the aggre-
gation and insolubilization of other lenticular proteins, thereby
maintaining the transparency of the eye lens [6]. In support for
this, studies suggest that cataracts might result from the decrease
in the chaperone-like activity of α-crystallin [2,4,7–10].

Owing to the unique growth pattern of the lens, there is no, or
negligible, protein turnover in the differentiated fibre cells, and
proteins in the nucleus of the lens are as old as the organism,
thereby resulting in the accumulation of post-translational modi-
fications such as deamidation, phosphorylation, racemization,
C- or N-terminal truncation and glycation. Most of these post-
translational modifications have been shown to have accumulated
with aging and are accelerated in clinical conditions such
as diabetes. Among them, non-enzymatic glycation has been
extensively studied.

Cataracts are the leading cause of blindness worldwide,
with diabetes and aging the major risk factors that accelerate
cataract development [1,11–13]. Glycation of lens proteins has
been considered to be one of the mechanisms responsible for
both age-related and diabetic cataracts [1,14–16]. The glycation
reaction occurs between the carbonyl group of sugars and a free
amino group within proteins. Amadori products, the first stable
product of the reaction, can be consequently transformed into
AGEs (advanced glycation end-products). AGEs are generally
pigmented or fluorescent adducts on proteins, and participate in
the formation of protein cross-links [17]. Formation of AGEs
due to glycation may alter the surface charge of the pro-
tein, leading to conformational change, which in turn may affect
protein–protein and protein–water interactions, and may ulti-
mately lead to a decrease in the transparency of the eye lens
[18]. Although all the three major crystallins are susceptible to
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glycation, differential glycation was observed in in vitro glycation
of rat lens soluble fraction, γ -crystallin being more prone to be
followed by α-crystallin [19]. However, preferential glycation
of α-crystallin was observed in aging and diabetic human lens
[20]. Glycation-induced loss of chaperone function [21–25] and
decreased chaperone-like activity of α-crystallin isolated from
diabetic rat and human lens [9,26,27] emphasize that the α-crys-
tallin chaperone function is the prime target of glycation, which
in turn could result in the development of cataracts. However,
very little is known about the effect of various glycating sugars
on α-crystallin in terms of degree of glycation, type of AGE that
is formed, oxidative damage to the protein, secondary and tertiary
structure, hydrophobicity and its chaperone-like function.

Although several previous studies have investigated the effect of
non-enzymatic glycation on TSP [15] and on individual crystallins
[18–20], the effect of glycation on chaperone function of α-crys-
tallin has not been reported in these studies, and a few of the more
recent studies have reported mixed results on the effect of gly-
cation on α-crystallin chaperone-like function [22,23,28].
Therefore, in the present study, we have investigated the effect
of glucose, fructose, G6P (glucose 6-phosphate) and MGO
(methylglyoxal) on the structure and chaperone-like activity
of α-crystallin. These compounds represent four major classes of
glycating agents: hexose sugars, keto sugars, sugar phosphate and
dicarbonyls, whose levels are elevated in various tissues, including
the lens in diabetic patients.

MATERIALS AND METHODS

Materials

Acrylamide, bis-acrylamide, ANS (8-anilinonaphthalene-1-sul-
fonic acid), ammonium persulfate, BSA, CS (citrate synthase),
fructose, glucose, G6P, G6PD (G6P dehydrogenase), 2-
mercaptoethanol, MGO, NADP, m-aminophenylboronic acid–
agarose, penicillin, peroxidase-conjugated anti-rabbit IgG anti-
body, SDS, sodium azide, streptomycin and TEMED (N,N,N ′,N ′-
tetramethylethylenediamine), were purchased from Sigma. The
BCA (bicinchoninic acid) protein assay kit was from Pierce.
Immobilon nitrocellulose membrane and disc filters were
purchased from Millipore. Sephacryl S-300HR was from
Amersham Biosciences, and SDS/PAGE markers were from Bio-
Rad Laboratories.

Preparation of TSP and α-crystallin

Lenses were dissected from the eyeballs of young goats obtained
from a local slaughterhouse. A 10 % homogenate of these lenses
was prepared in buffer A (0.025 M Tris, 0.1 M NaCl, 0.5 mM
EDTA and 0.01% NaN3, pH 8.0) and centrifuged at 10000 g
for 30 min at 4 ◦C to obtain the supernatant, the TSP. The TSP
was applied on to a Sephacryl S-300 HR (100 cm × 1.5 cm) gel-
filtration column connected to a low-pressure protein purification
system (Biologic-LP; Bio-Rad Laboratories). The column was
equilibrated with buffer A, and crystallins were eluted using
the same buffer at a flow rate of 0.25 ml/min. Fractions
corresponding to α-crystallin were pooled and purity was assessed
by SDS/PAGE. Protein concentration was estimated using the
BCA method and stored at −80 ◦C until used.

Non-enzymatic glycation of α-crystallin and TSP

Stocks of glucose, fructose, G6P and MGO were prepared
in 100 mM sodium phosphate buffer (pH 7.4). α-Crystallin
(5 mg/ml) was incubated with glucose (0.5 M; 4 weeks), fructose

(0.1 M; 3 weeks), G6P (0.05 M; 2 weeks) and MGO (0.005 M;
3 days) in 0.2 M sodium phosphate buffer (pH 7.4) containing
50 µg of penicillin and streptomycin and 0.01% sodium azide at
37 ◦C in the dark under sterile conditions. α-Crystallin incubated
in the absence of glycating agent under similar conditions served
as a control. Likewise, TSP (50 mg/ml) was incubated in the
absence and presence of 0.1 M fructose for 3 weeks. At the end
of the glycation period, α-crystallin and TSP preparations were
dialysed against 20 mM sodium phosphate buffer (pH 7.4) to
remove any unreacted sugars.

Evaluation of glycation

Non-tryptophan AGE fluorescence

Non-tryptophan AGE fluorescence was monitored using
0.15 mg/ml protein in 20 mM sodium phosphate buffer (pH 7.4),
with excitation at 370 nm, and emission recorded between 400–
500 nm using a spectroflorometer (Jasco FP-6500).

SDS/PAGE

The formation of HMM (high-molecular-mass) aggregates
obtained as a result of protein cross-linking due to glycation was
monitored using SDS/PAGE (10% gel).

Immunodetection of AGE

The formation of specific AGEs was detected with immnoblott-
ing using anti-CML [Nε-(carboxymethyl)lysine], anti-MGO-
BSA and anti-AGE-BSA antibodies. Polyclonal anti-CML anti-
bodies were raised as described previously [29], anti-MGO-BSA
and anti-AGE-BSA antibodies were raised according to prev-
iously reported methods [30,31]. Glycated TSP and α-crystallin
preparations were resolved on SDS/PAGE (10% gel) and trans-
ferred on to a nitrocellulose membrane. The membrane
was subjected to reaction with respective primary antibody
(1:1000) and followed by peroxidase-conjugated goat anti-rabbit
secondary antibody (1:3000) for subsequent detection using
diaminobenzidine and H2O2.

Glyco-oxidative damage

The effect of modifications with different glycating agents
on glyco-oxidative damage of α-crystallin was monitored by
estimating total protein carbonyls according to the method of
Uchida et al. [32].

Affinity chromatography

Extent of glycation in α-crystallin with various glycating agents
was performed using phenylboronate affinity chromatography
[33]. The ligand (m-aminophenylboronic acid–agarose beads)
binds to the cis-diol groups on the sugar moiety of the glycated
protein, forming a reversible five-member ring complex. These
complexes were dissociated by competing with polyol such as
sorbitol. In the present study, 5 mg of glycated preparations of
α-crystallin were passed through a phenylboronate affinity
column (8 cm × 1 cm) equilibrated with buffer B [0.25 M ammon-
ium acetate buffer (pH 8.5) containing 0.05 M MgCl2]. The
unbound fraction containing non-glycated protein was washed
with buffer B, while bound glycated protein was eluted using
buffer C [0.1 M Tris/HCl (pH 7.5) containing 0.2 M sorbitol].

Chaperone-like activity assays

Chaperone-like activity of native and modified α-crystallin
was assessed using two different types of chaperone assays:
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aggregation and enzyme inactivation. Aggregation assays were
done by measuring the ability of α-crystallin in suppressing
heat-induced aggregation of βL-crystallin (purified from control
rat lenses) at 65 ◦C or CS at 45 ◦C as described previously
[9]. A Cary100 spectrophotometer with a temperature-controlled
cuvette holder was used to monitor the change in the absorption
at 360 nm to measure protein aggregation as a function of time. In
the enzyme inactivation assay, loss of G6PD activity due to heat
in the presence of native and glycated α-crystallin was measured
as described previously [34].

Secondary and tertiary structure

To measure secondary and tertiary structural changes due to
non-enzymatic glycation, far- and near-UV CD spectra were
recorded at 25 ◦C using a spectropolarimeter (Jasco J-810). All
spectra were an average of six accumulations, and recorded
using cells of 0.1 and 0.5 cm pathlength for far- and near-UV
CD respectively. Protein concentration for far- and near-UV CD
was 0.15 and 1.0 mg/ml respectively. Intrinsic tryptophan fluo-
rescence was monitored using 0.15 mg/ml protein in 20 mM
sodium phosphate buffer (pH 7.4), exciting at 280 nm and fol-
lowing the emission from 300–400 nm using a spectroflorometer.

Hydrophobicity of α-crystallin

We investigated the surface hydrophobicity as a function of ANS
binding to α-crystallin. α-Crystallin (0.1 mg/ml) was incubated
with 50 µM ANS for 30 min at room temperature in the dark, and
the fluorescence of protein-bound dye was measured by excitation
at 390 nm and measuring the emission between 450 and 550 nm
using a spectroflorometer.

Gel-filtration chromatography

The gel-filtration profile of control- and fructose-glycated TSP
was performed using a Superose 6 10/30 gel-filtration column
connected to FPLC (AKTA-Purifier; Amersham Biosciences) at
a flow rate of 0.5 ml/min.

RESULTS AND DISCUSSION

There now exists an overwhelming body of evidence indicating
that non-enzymatic glycation of proteins is implicated in a
number of biochemical abnormalities associated with aging
and diabetes, including cataract formation [1,14–17,35–39]. A
number of sugars and their metabolic derivatives are known to
form AGEs upon their encounter with cellular proteins. High
concentrations of these potential glycating agents were detected
in the lens and their levels increase by several fold during
diabetes [22,38–40]. Thus the role of these glycating agents
and associated AGEs in the pathogenesis of diabetic cataracts
has received considerable attention. Despite the large amount of
information available on the pathological significance of AGEs in
cataractogenesis, relatively little is known about the effect of AGE
formation on the changes in structure and chaperone-like function
of α-crystallin, in particular the relative modifications induced
by different glycating agents. Although there is an increased
evidence of glycation-mediated damage to lens proteins including
α-crystallin, some studies have reported divergent results. For
example, it has been reported that neither fructose nor G6P caused
any decrease in the chaperone-like activity of α-crystallin [41].
One study indicated that glycation with galactose did not result
in a loss of chaperone activity as assessed by enzyme inactivation

studies [42]. Akhtar et al. [43] reported that the CML adducts of
recombinant αA- and αB-crystallins formed on incubation
of these proteins with glyoxalic acid in the presence of sodium
borocyanate displayed greater chaperone activity than control
crystallins. On the other hand, some reports state that glycation
of α-crystallin is associated with decreased chaperone activity
[22–25].

In the present study, we investigated alterations in the molecular
chaperone-like function of α-crystallin, and the associated
structural changes, upon modification with four major types of
glycating agents, namely glucose, fructose, G6P and MGO.
In addition, for the purpose of addressing the contribution of
molecular associations between α-crystallin and other lenticular
proteins on its chaperone function upon glycation, we have also
performed studies with α-crystallin isolated from glycated TSP.
This would help us to understand the effect of non-enzymatic
glycation on the molecular chaperone function of α-crystallin in
relation to cataracts.

Non-enzymatic glycation of α-crystallin

Non-tryptophan fluorescence, which represents cumulative AGE
fluorescence, was monitored to assess the extent of modification
by different glycating agents. AGE fluorescence increased signi-
ficantly upon in vitro glycation of α-crystallin with all four glycat-
ing agents. However, glycation with G6P resulted in a relatively
lower AGE fluorescence when compared with modification
by glucose, fructose and MGO (Figure 1A). Increasing the
concentration of G6P beyond 50 mM did not result in any further
increment in AGE fluorescence (results not shown). Glycation of
proteins is known to result in inter- and intra-subunit cross-linking
that leads to the formation of HMM species [15]. Irrespective
of glycating agent, modified α-crystallin showed formation of
cross-links that may result in the formation of HMM aggregates.
However, it is interesting to note that the cross-link profile
formed on glycation is different for different glycating agents.
Modification with glucose and MGO resulted in extensive cross-
link formation compared with glycation with fructose and G6P
(Figure 2).

Considerable importance can be accorded to AGEs that are
formed on long-lived proteins as they have been reported in the
pathogenesis of several aging- and diabetes-related complications,
including cataracts. Despite intensive research, very few of the
AGEs have been characterized, including CML, a product of
the auto-oxidation of sugar adducts on proteins [44]. Immuno-
blotting studies revealed that CML was the predominant AGE
formed on glycation of α-crystallin with glucose and fructose
(Figures 3A and 3B). Although G6P modification of α-
crystallin resulted in the formation of glucose-AGE (Figure 3C),
MGO modification resulted in the formation of MGO-AGE
(Figure 3D). As expected, MGO-AGE could only be seen
with MGO modification. In addition, formation of CML was
also observed with MGO modification (results not shown).
Intriguingly, glucose-AGE (which was prepared upon incubation
of BSA with glucose) was not detected in the α-crystallin
preparation that was incubated with glucose. These results suggest
that CML could be a major AGE species formed on glycation of
α-crystallin with glucose, fructose and MGO. This observation
is in agreement with earlier studies which report that CML, as
a major AGE, was formed on incubation of proteins with sugars
[44,45].

Accumulation of protein carbonyls by glyco-oxidative damage
may contribute to protein cross-linking, and thereby protein dys-
function is evident in various age-related pathologies and is char-
acterized by protein cross-linking. Hence we measured protein
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Figure 1 Non-tryptophan AGE fluorescence of α-crystallin

(A) Non-tryptophan AGE fluorescence of native and glycated α-crystallin. Native α-crystallin
(trace 1); α-crystallin modified with 0.5 M glucose (trace 2), 0.1 M fructose (trace 3), 0.05 M
G6P (trace 4) and 0.005 M MGO (trace 5). (B) Non-tryptophan AGE fluorescence of α-crystallin
isolated from native TSP (trace 1) and α-crystallin isolated from TSP glycated with fructose
(trace 2).

Figure 2 SDS/PAGE analysis of in-vitro-glycated α-crystallin

Native α-crystallin (lane 1), and α-crystallin modified with 0.1 M fructose (lane 2), 0.005 M
MGO (lane 3), 0.05 M G6P (lane 4) and 0.5 M glucose (lane 5).

carbonyls to assess the extent of protein glycation. α-Crystallin
incubated with glucose, fructose, G6P and MGO resulted in
the formation of protein carbonyls (1.8 nmol/mg of protein for
control, and 9.0, 12.0, 7.2 and 9.4 nmol/mg of protein for glucose-,
fructose-, G6P- and MGO-modified protein respectively). Results
suggests that all the agents contributed similarly to glyco-
oxidation of α-crystallin.

Figure 3 Characterization of AGEs by immunoblotting

Immunoblotting of α-crystallin with anti-CML (A, B and E), anti-AGE-BSA (C) and
anti-MGO-BSA (D) antibodies. (A) Glycation of α-crystallin with glucose resulted in formation
of CML. M, molecular-mass markers (in kDa); C, control; G1 and G2, α-crystallin glycated with
0.5 M and 1.0 M glucose respectively. (B) Glycation of α-crystallin with fructose resulted in
formation of CML. M, molecular-mass markers; C, control; F, α-crystallin glycated with 0.1 M
fructose. (C) Glycation of α-crystallin with G6P resulted in formation of AGE-BSA. C, control;
G3, α-crystallin glycated with 0.05 M G6P. (D) Glycation of α-crystallin with MGO results in
formation of MGO-AGE. M, molecular-mass markers; C, control; M1, modified with 0.005 M
MGO. (E) α-Crystallin isolated from control TSP (C) and 0.1 M fructose-glycated TSP (F).

Figure 4 Phenylboronate affinity chromatogram

α-Crystallin (5 mg), native or glycated with the various agents, was applied to column. After
washing the unbound fraction with 0.25 mM ammonium acetate, the bound fraction was eluted
with 0.1 M Tris/HCl (pH 7.5) containing 0.2 M sorbitol.

Estimation of protein glycation

α-Crystallin modified with different sugars was subjected to
affinity chromatography that selectively binds glycated proteins.
As shown in Figure 4, elution of glycated protein suggests that
modification by all four agents led to the formation of glycated
protein, albeit at different levels. The highest level of glycated pro-
tein was observed upon modification with glucose followed by
MGO, fructose and G6P (Figure 4). It is interesting to note that
glycation with glucose and MGO, which resulted in extensive
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cross-linking (Figure 2), also resulted in the formation of protein
that binds to the phenylboronate column with high affinity.

Effect of glycation on the chaperone-like function of α-crystallin

α-Crystallin modified with fructose and G6P was found to
have decreased chaperone-like activity in preventing the heat-
induced aggregation of βL-crystallin compared with unmodified
α-crystallin (Figure 5A). There was only a modest decrease in the
chaperone-like activity of α-crystallin on glycation with glucose
in heat-induced aggregation of βL-crystallin, whereas MGO-
modified α-crystallin had more chaperone-like activity than
unmodified α-crystallin (Figure 5A). In assays that measure
heat-induced aggregation of CS, fructose- and G6P-modified
α-crystallin showed diminished chaperone-like activity, similar
to the heat-induced βL-crystallin aggregation assay (Figure 5B).
This was also true for glucose-modified α-crystallin, which again
had a marginal decrease in chaperone-like activity, whereas
MGO-modified α-crystallin showed an increase in chaperone-like
activity in comparison with unmodified α-crystallin (Figure 5B).
However, it should be noted that the agents which cause extensive
cross-linking, and form glycated protein with higher affinity to
phenylboronate, showed the least effect in aggregation assays. We
have reported previously that an increase in the chaperone-like
activity of α-crystallin upon MGO modification in aggregation
assays might not be relevant to physiological situations [22]. This
is because MGO modification of α-crystallin leads to extensive
cross-linking and formation of very large aggregates that could
provide paradoxical results in terms of its chaperone function
[22]. Therefore, besides aggregation assays, we also investigated
the effect of glycation on the ability of α-crystallin to prevent the
heat-induced inactivation of G6PD, a non-aggregative chaperone
assay. Interestingly, modification with all four glycating agents led
to the loss of chaperone-like activity as measured against heat-
induced inactivation of G6PD (results not shown). This includes
MGO-modified α-crystallin, which also had a loss of chaperone-
like activity in enzyme inactivation assays, in contrast with the
aggregation assays. In fact, there was the greatest loss of α-crys-
tallin chaperone activity with MGO-modified α-crystallin in
the G6PD heat-inactivation assay, whereas fructose- and G6P-
modified α-crystallin had a moderate loss of chaperone activity.
There was only a partial loss of the chaperone activity of α-crys-
tallin upon glucose modification. In general, it is believed
that cross-linking and HMM aggregate formation results in the
decreased chaperone activity of α-crystallin. In contrast, glucose
modification resulted in HMM cross-linking but unexpectedly
led to a marginal loss in chaperone function. Previously, it was
reported that artificially generated CML adducts of recombinant
αA- and αB-crystallins showed increased chaperone-like activity
[43]. In the present study, the CML antigen was detected with
all the glycating agents used, whereas CML caused decreased
chaperone activity. Thus it appears that the effect of glycation
on chaperone activity may vary, based on the marker used for
glycation as well as the chaperone assays employed.

Effect of glycation on the structural conformation of α-crystallin

In order to understand the mechanism of loss in chaperone-like
activity following non-enzymatic glycation, we have measured
alterations in the secondary and tertiary structure by CD and
fluorescence spectroscopy. Native α-crystallin has a maximum
negative ellipticity at approx. 217 nm (Figure 6A), typical of a
β-sheet structure as reported previously [9,22]. The far-UV CD
signal for fructose-modified α-crystallin is increased and is shifted

Figure 5 Chaperone-like activity of α-crystallin

(A) Chaperone-like activity of α-crystallin as assessed by the suppression of heat-induced
aggregation of βL-crystallin. βL-crystallin (0.2 mg/ml in 50 mM phosphate buffer pH 7.4) was
incubated at 65◦C in the absence (trace 1) or in the presence of 0.025 mg/ml native α-crystallin
(trace 2) or α-crystallin glycated with glucose (trace 3), fructose (trace 4), G6P (trace 5) or
MGO (trace 6). The results shown were an average of three assays. (B) Chaperone-like activity of
α-crystallin as assessed by the suppression of heat-induced aggregation of CS. CS (0.05 mg/ml)
was incubated at 45◦C in the absence (trace 1) or presence of 0.025 mg/ml native α-crystallin
(trace 2) or α-crystallin glycated with glucose (trace 3), fructose (trace 4), G6P (trace 5) or
MGO (trace 6). The results shown were an average of three assays. (C) Chaperone-like activity of
α-crystallin isolated from TSP as assessed by the suppression of heat-induced aggregation
of βL-crystallin. βL-crystallin aggregation in the absence of α-crystallin (trace 1), in the
presence of α-crystallin isolated from control TSP (trace 2) or in the presence of α-crystallin
isolated from TSP glycated with fructose (trace 3).

c© The Authors Journal compilation c© 2007 Biochemical Society



256 P. A. Kumar, M. S. Kumar and G. B. Reddy

Figure 6 UV CD spectra of α-crystallin

Far-UV CD spectra (A) and near-UV CD (B) spectra of α-crystallin. Trace 1, native α-crystallin;
traces 2–5 correspond to α-crystallin modified with glucose, fructose, G6P and MGO
respectively.

to lower wavelengths for MGO-modified α-crystallin (Figure 6A).
These changes in the secondary structure suggest partial unfolding
of α-crystallin upon fructose modification or the formation of
random coil structures upon MGO modification. Surprisingly, no
significant changes in the secondary structure were observed in
α-crystallin modified with glucose and G6P. Furthermore, near-
UV CD spectra of fructose- and MGO-modified α-crystallin
demonstrated an altered signal in the aromatic region, suggesting
conformational changes at a tertiary structural level due to
glycation (Figure 6B). In contrast with the CD data, where glucose
and G6P modification showed marginal changes (Figure 6),
significant loss of tryptophan florescence was observed upon
modification with all four agents (Figure 7A). This suggests that
altered tryptophan fluorescence might be due to changes in the
local environment upon glycation.

Surface hydrophobicity

A number of studies suggest that the chaperone-like activity
of α-crystallin is mediated by the presence of surface-exposed
hydrophobic patches that bind, partially denaturing substrate
proteins, a process mediated by hydrophobic–hydrophobic inter-

Figure 7 α-Crystallin fluorescence

Intrinsic tryptophan fluorescence (A) and ANS fluorescence (B) of α-crystallin. Trace 1, native
α-crystallin; traces 2–5 correspond to α-crystallin modified with glucose, fructose, G6P and
MGO respectively.

actions [5,46–48]. We therefore measured the binding of ANS,
a hydrophobic probe. Upon binding to hydrophobic sites on
proteins, it displays a shift in its emission maximum that
allowed us to quantify the hydrophobicity of a protein. At a
saturating ANS concentration, the fluorescence intensity of ANS
associated with modified α-crystallin was lower when compared
with native α-crystallin, and a similar effect was observed with
all four glycating agents (Figure 7B). This suggests that the
decrease in the hydrophobicity of glucose-, fructose- and G6P-
modified α-crystallin is associated with diminished chaperone-
like activity. However, this does not correlate well in the case of
MGO-modified α-crystallin in aggregation assays. In aggregation
assays, MGO modification of α-crystallin led to an increase in
its activity which is inversely correlated with the surface hydro-
phobicity. It appears that non-aggregation assays might be con-
sidered appropriate to study the chaperone-like activity, parti-
cularly for MGO-modified α-crystallin.

Non-enzymatic glycation of TSP and chaperone activity
of α-crystallin

Having observed a few contrasting results upon glycation of isol-
ated α-crystallin with different glycating agents, we investigated
the effect of glycation on α-crystallin in the presence of other
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lens-soluble components because α-crystallin in the lens is shown
to interact with various other proteins in a specific fashion
to maintain the transparency of the lens [6]. Therefore it is
appropriate to study the extent of glycation and its effect on α-
crystallin along with other lens-soluble proteins. TSP is composed
of other crystallins, mainly β- and γ -crystallin, in addition to other
minor protein components and small molecules. The gel-filtration
profile of glycated TSP shows an increased HMM peak and alter-
ations in the α-, β- and γ -crystallin fractions (results not shown).
Furthermore, α-crystallin isolated from TSP which was glycated
with fructose also showed increased glycation, as assessed by
AGE fluorescence (Figure 1B). In addition, CML was the
predominant AGE in the α-crystallin fraction isolated from
glycated TSP (Figure 3E). More importantly, α-crystallin isolated
from fructose-modified TSP showed a decreased chaperone-like
activity (Figure 5C). Thus it is evident that α-crystallin could
be subjected to glycation-induced changes even in the presence
of other lenticular proteins, and this could affect the protein–
protein interactions of α-crystallin with other lenticular proteins.
α-Crystallin isolated from lenses cultured for 2 weeks in the
presence of either 55 mM glucose (P. A. Kumar and G. B. Reddy,
unpublished results) or 1 mM MGO [22] also showed loss of
chaperone activity. Thus these changes may play a role in the
pathogenesis of cataracts in aging and diabetes.

To summarize, we propose that non-enzymatic glycation of
α-crystallin by various sugars and sugar derivatives leads to al-
terations in secondary and tertiary structure. Glycation of α-crys-
tallin results in the formation of HMM aggregates and AGEs.
These changes may be responsible for the loss of chaperone-
like activity in α-crystallin. In order to support this, α-crystallin
isolated from in-vitro-modified TSP showed elevated AGE
fluorescence and accumulation of CML, which was accompanied
by a substantial loss in chaperone-like activity. Nevertheless, one
has to be very cautious in drawing conclusions in terms of the
effect of glycation on chaperone activity, which varies based on the
marker used for glycation, as well the chaperone assays employed.
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